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Nonenzymatic Glycosylafion of Bovine Retinal
Microvessel Basement Membranes In Vitro
Kinetic Analysis and Inhibition by Aspirin
Weiye Li,* Mahin Khatami,* George A. Robertson^ Shuyu Shea* and John H. Rockey*
Incubation of intact bovine retinal microvessels or isolated retinal microvessel basement membranes
(RVBM) with radioactive D-glucose or L-glucose, followed by basement membrane collagenous protein
purification, resulted in the isolation of nonenzymatically glycosylated RVBM collagens. Type IV
collagen was identified in the RVBM by selective salt fractionation, SDS-polyacrylamide gel electro-
phoresis, amino acid analysis, and immunoprecipitation with specific antibody. Kinetic analysis of the
condensation of glucose with RVBM was carried out by labeling retinal microvessel basement membranes
with D-[2-3H]-glucose and D-|6-l4C|-glucose. The rate constant for aldimine product formation, k,,
was 1.95 ± 0.24 (SD) X 10~4 mM"1 h~', and the rate constant for the reversed reaction, k_l9 was 5.9
± 1.0 X 10~2 h"1. Based on a rate constant for the Amadori rearrangement, k2, of 8.8 ± 1.0 X 10~
3
h"1, which was the rate-determining step, the half life of this reaction was 80 ± 9 h. These data may
be useful in estimating the glycosylation of retinal microvessel basement membranes in vivo. The
nonenzymatic glycosylation of retinal microvessel basement membrane proteins was progressively in-
hibited by increasing concentrations (0.1 to 2.0 mM) of aspirin. Invest Ophthalmol Vis Sci 25:884-
892, 1984
Diabetic retinopathy appears to be the result of a
two-stage process. A primary pathophysiologic process,
due to the altered metabolism of diabetes mellitus,
leads to primary pathologic changes such as basement
membrane thickening, loss of pericytes of retinal mi-
crovessels, and vascular nonperfusion, which in turn
result in retinal hypoxia. The retinal hypoxia second-
arily leads to the release of angiogenic factors that
cause retinal microvessel proliferation.1
One way hyperglycemia, per se, may play a role in
the primary pathology of diabetic retinopathy is by
altering the structure and function of retinal micro-
vessel basement membrane proteins through increased
nonenzymatic glycosylation. D-glucose, an aldehyde,
undergoes a condensation reaction with the amino
groups of proteins with the formation of an aldimine
or Schiff-base linkage that subsequently may undergo
an Amadori rearrangement to form a more stable con-
densation product. High levels of ambient glucose have
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been shown to increase the glycosylation of a number
of proteins2"4 and to alter the physiochemical properties
and/or activities of some.5'6 Recently, an increased level
of nonenzymatic glycosylation of glomerular basement
membrane collagen,7 and a decreased level of inter-
molecular cross-linkage products paralleling an in-
creased hydroxylysine content in glomerular basement
membrane collagen,8 have been reported in diabetic
rats, offering supports for this hypothesis.
In the present study, we report the identification of
type IV collagen in bovine retinal microvessel basement
membranes (RVBM), the nonenzymatic glycosylation
of RVBM proteins, kinetic analysis of this reaction,
and the inhibition of RVBM glycosylation with aspirin.
Materials and Methods
Retinal microvessels were isolated from 800 fresh
bovine eyes essentially as described by Carlson et al9
with minor modifications. All procedures for the prep-
aration of retinal microvessels were carried out at 4°C
unless otherwise indicated. Homogenates of neuro-
retinas were applied to a 74-/xm-opening, nylon screen
(Tetko) and washed extensively with distilled water
containing 0.02% NaN3. The retained material was
poured onto a 250-^m nylon screen. After extensive
washing, the filtrate was again applied to a 74-/um
screen, washed, and retained microvessels were col-
lected from the under surface of the screen and viewed
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by phase contrast and differential interference mi-
croscopy. The microvessels were lysed with 100 vol-
umes of distilled water containing 0.05% NaN3 for 1
hr, and collected by centrifugation. The pellet was sus-
pended and incubated in 3% Triton X-100 containing
0.05% NaN3 for 4 hr at room temperature, centrifuged,
incubated with DNase (Sigma, 50 Kunitz units/ml) in
1 M NaCl at room temperature for 2 hr, and again
centrifuged. The resulting pellet was resuspended and
stirred in 4% Na deoxycholate containing 0.05% NaN3
for 3 hr at room temperature. In some instances,
RVBM prepared by the above (standard) method were
treated again with 3% Triton X-100 for 8 hr. The final
RVBM pellet was washed five times with distilled water
by centrifugation, and lyophilized.
To remove rapidly reactive components present in
preparations of radioactive glucose,1011 D-[2-3H]-,
D-[6-3H]-, D-[6-14C]- and L-[l-14C]-glucose (Amer-
sham) were preincubated with bovine serum albumin
(BSA, 4 mg/ml) in 0.15 M NaCl-0.01 M Na phosphate
buffer, pH 7.4, for 6 hr at 37°C and filtered through
a Bio-Gel P-6 column (0.9 X 51 cm) in the same
solvent. Fractions from the second (nonprotein) peaks
were lyophilized and used for all labeling studies.
Bacterial collagenase (20 mg of highly purified col-
lagenase from Clostridium histolyticum, Sigma) was
purified by gel permeation chromatography on a Bio-
Gel P-150 column (1.8 X 100 cm) in 5 mM CaCl2-
50 mM Tris-HCl, pH 7.6, at 25°C (flow rate 100
ml/hr, 5 ml fractions). The absorption at 280 nm, and
the collagenase and nonspecific protease activities of
each fraction, were measured. Collagenase or nonspe-
cific protease activities were determined fluorometri-
cally by reacting 20 nl of each gel filtration fraction
with 20 fi\ of Vitrogen (Collagen Corporation; McLean,
VA), or 20 fi\ of BSA (4 mg/ml), respectively, and 60
!i\ of 5 mM CaCl2-10 mM N-ethylmaleimide-50 mM
Tris-HCl, pH 7.5, for 1 hr at 37°C. The mixture was
dried under vacuum, and 1.5 ml 1 M Na phosphate
buffer, pH 8.0, and 0.5 ml fluorescamine (Roche Di-
agnostics) in dioxane (15 mg/100 ml) were added. The
mixture was vortexed and the fluorescence (excitation
at 392 nm; emission at 475 nm) was measured im-
mediately with a Ratio-Recording Aminco-Bowman
spectrophotofluorometer and corrected with the ap-
propriate solution and reagent blank fluorescence/light-
scatter measurements. Fractions with high collagenase
and no nonspecific protease activity were pooled and
lyophilized. Highly purified collagenase (Form III) also
was obtained from Advance Biofactures Corporation
(Lynbrook, NY) (ABC). Both the purified collagenase
prepared in our laboratory by gel filtration and the
ABC collagenase were shown to be equally devoid of
nonspecific protease activity (ie, did not digest BSA as
assayed by SDS-PAGE and with fluorescamine).
RVBM collagen preparations were redissolved and
dialyzed into 0.15 M NaCl-5 mM CaCl2-10 mM
N-ethylmaleimide-50 mM Tris-HCl, pH 7.5. Aliquots
were incubated with bacterial collagenase (purified by
gel filtration) at an enzyme:substrate ratio of 1:50
(w/w), or with 3 units of ABC collagenase per 100 /ug
protein, for 4 hr at 37°C.
For sodium dodecylsulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), proteins were dissolved in
2-5% (w/v) SDS-10% (v/v) glycerol-0.5 M Tris-HCl,
pH 6.8, with or without 5% (v/v) 2-mercaptoethanol.
Protein solutions were heated in a boiling water bath
for 4-10 min, applied to a 3% stacking gel over a 7.5%
running gel, and the slab gels were electrophorized at
80 V until the marker bromphenol blue dye had
reached the bottom of the gel. Gels were stained with
0.25% (w/v) Coomassie blue R-250 (Eastman) in 20%
(w/v) trichloroacetic acid (TCA) for 2 hr, and destained
in 7.5% (v/v) acetic acid —15% (v/v) methanol. To
detect radioactively labeled SDS-PAGE bands, either
stained gel lanes were sectioned into 1.5 mm slices,
solubilized in 30% H2O2-0.33% NH4OH at 37°C and
counted in 5 ml of Ultrafluor (National Diagnostic)
in an Intertechnique ABAC SL40 scintillation spec-
trometer; or gels were impregnated with Autofluor
(National Diagnostic) for 1.5 hr, dried, and exposed
on Kodak XR-5 X-Omat film at -70°C,1 2 Densitom-
eter tracings (LKB Soft Laser Scanning Densitometer)
were used to determine the relative area (radioactivity)
of individual SDS-PAGE bands.
Electrophoretic transfer of proteins from SDS-PAGE
slabs to nitrocellulose membranes (Bio-Rad) was ac-
complished by the method of Towbin et al.13 The blot
was immersed in 3% BSA for 1 hr to saturate non-
specific binding sites, incubated with sheep anti-type
IV collagen antiserum (generously supplied by Dr.
Hynda Kleinman, National Institute of Dental Re-
search, NIH)14 followed by rabbit anti-sheep IgG an-
tibody conjugated with horseradish peroxidase (Ac-
curate Scientific; Hicksville, NY), and the color re-
action was developed with a Bio-Rad Immun-Blot As-
say Kit. The air-dried nitrocellulose membrane was
saturated twice with Autofluor and exposed on Kodak
XR-5 X-Omat film at -70°C for 10 days.
For amino acid analysis, purified collagen samples
(10-100 ng) were hydrolyzed under vacuum in 6 N
(constant-boiling) HC1 for 20 hr at 110°C, flash evap-
orated, taken up in Na citrate buffer, pH 2.2, and
analyzed by two elution programs (using three and
four buffer systems) with a Durrum D-500 amino acid
analyzer (dual spectrophotometers). Collagen hydro-
lysate standard (Pierce; Rockford, IL), hydrolysates of
human placental collagen (Sigma, repurified by Bio-
Gel A-5m chromatography in 11% formic acid-2 M
urea-1% 2-mercaptoethanol-0.01% NaN3; the several
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Fractionation of Retinal Vessel
Basement Membrane < RVBM > Collagen
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Fig. 1. Isolation of RVBM collagen.
components in the purified type IV collagen standard
all reacted with specific anti-type IV antiserum on SDS-
PAGE/immun-blot horseradish peroxidase assay) and
rat tail tendon collagen (Sigma), as well as regular
amino acid standards, were run in parallel. Hydroxy-
proline and proline were identified by their maximum
absorptivity at 440 nm.
RVBM from 400 eyes (wet weight, 600-700 mg)
were nonenzymatically glycosylated by incubation with
5 /ttmol/L D-[6-3H]-glucose (22 Ci/mmol, Amersham)
in 10 mM N-ethylmaleimide-1 mM phenylmethane-
sulfonylfluoride-0.1 mM a,a'-dipyridyl-0.05 M Tris-
HC1, pH 7.5, (TBS) at 37°C for 48 hr. Solid NaCNBH3
was added to the incubation suspension to give a 200-
fold molar excess over glucose, and the incubation was
continued at 37°C for 1 hr and terminated by dilution
with cold redistilled water (10:1) and centrifugation.
The pellet was resuspended in 0.5 M acetic acid, pepsin
(Sigma) was added in an enzyme:substrate ratio of
1:400 (w/w), and the reaction mixture was incubated
for 24 hr at 4°C. The digestion was terminated with
pepstatin (Sigma) in a pepstatin:pepsin ratio of 1:10
(w/w) and the digest was centrifuged for 1 hr at 7,000
X g. The resulting supernate was used for isolation of
RVBM collagen (Fig. 1). Solid NaCI was added to the
clarified supernate to a final concentration of 0.7 M.1516
The pH was adjusted to 2.8 with concentrated acetic
acid, the solution was incubated for 24 hr, and the
resulting precipitate was collected for further assay (type
I and III collagen, Fig. 1). The supernatant NaCI con-
centration was increased to 1.8 M and, after 24 hr,
the precipitate was collected, dissolved in, and dialyzed
against 0.1 M acetic acid, and type IV collagen in the
dialysate was precipitated with 0.7 M NaCI. To recover
any type V collagen, the supernate was adjusted to 1.2
M NaCI, pH 2.8. Precipitates from the salt fractionation
sequence were redissolved in 0.5 M acetic acid and
dialyzed against 0.1 M acetic acid for 48 hr prior to
biochemical studies.
To reduce and alkylate type IV collagen, proteins
were dissolved in 8 M urea-50 mM Tris-HCl, pH 8.0,
at 40°C for 10 min, dithioerythritol (Sigma) was added
to a final concentration of 50 mM, and the solution
was flushed with and incubated under N2 at 37°C for
16 hr. Iodoacetamide (Sigma) was added to a final
concentration of 100 mM, and the mixture was in-
cubated at 37°C for 1 hr in the dark.
A separate preparation of RVBM, prepared by the
standard method, was labeled doubly with 0.26
Mmol/L D-[6-
3H]-glucose and 7.8 )umol/L L-[1-I4C]-
glucose at 37°C in the TBS solvent. In addition, isolated
intact retinal microvessels from 50 eyes were incubated
with 7.8 /imol/L L-[l-14C]-glucose in the TBS solvent
for 14 days at 37°C. NaCNBH3 was added and RVBM
were extracted as described above.
To determine the influence of aspirin on the non-
enzymatic glycosylation of RVBM proteins, RVBM
were incubated with 20 mM D-glucose and 38
^mol/L D-[6-14C]-glucose in 0.1 M Na phosphate
buffer, pH 7.4, with 0.0, 0.1, 0.5, or 2.0 mM aspirin,
at 37°C for 7 days. Aliquots were taken at selected
time intervals and the TCA-precipitable radioactivity
in each was determined.
Nonenzymatic glycosylation of amino groups of
proteins occurs according to the scheme:
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Rate constants and the half life for the nonenzymatic
glycosylation reaction
ki k2
R + G ^ R=G -» RG
k-i
where R is the glucose reactive site of the RVBM pro-
tein, G is glucose, R=G is the Schiff-base aldimine
linkage product, and RG is the ketoamine Amadori
rearrangement product, were calculated by a method
modified from Higgins et al.'l Since the RVBM pro-
teins are heterogeneous, we used molar reactive sites
measured experimentally rather than the molar con-
centration of proteins. The molar concentration of
RVBM glucose reactive sites was determined by in-
cubating 50-400 mM D-glucose, 0.26 MHIOI/L D-[6-
3H]-glucose and 38 /itnol/L D-[6-14C]-glucose in 0.15
M NaCl-20 mM NaCNBH3-0.02% NaN3-0.1 M Na
phosphate buffer, pH 7.4, at 37°C until maximum
trichloroacetic acid-precipitable labeling was obtained
(eg, 4 days). Radioactivity measurements were cor-
rected with standard quenching curves for each isotope.
The forward rate constant for the formation of
R=G, k[, was obtained by utilizing the fact that during
the first several hours, because the consumption of
reactants and the Amadori rearrangement reaction
were negligible, this second order reaction obeys





where d[R=G]/dt is the slope of the initial linear la-
beling curve, obtained experimentally in the presence
of 20 mM NaCNBH3 to reduce fully the R=G product.
The incorporations of D-[6-14C]-glucose and D-[2-3H]-
glucose were determined as trichloroacetic acid-pre-
cipitable radioactivities of aliquots taken from the in-
cubation solutions at the designed time intervals. Since
3H at the C2 position of glucose is expelled when an
Amadori rearrangement occurs, the incorporation of
D-[2-3H]-glucose into RVBM uniquely reflected R=G
aldimine product formation. The rate of the Amadori
rearrangement may be obtained from the rate at which
3H at the second carbon is expelled. Therefore,
1 d[A3H]
z [R-G] dt
where A3H (3H expelled during the Amadori rear-
rangement) is obtained from the change in the ratio
of the molar concentrations of D-[2-3H]-glucose and
D-[6-l4C]-glucose in the reaction product. Because the
Amadori rearrangement is a first order reaction, the
half life can be calculated according to the equation
t|/2 = In 2/k2. The rate constant for the dissociation
of glucose from the Schiffbase aldimine linkage prod-
Fig. 2. Isolated retinal microvessels from bovine eyes examined
by differential interference microscopy (X 240).
uct R=G, k_,, can be obtained by incubation of glu-
cose and RVBM in the absence of NaCNBH3 when
the reaction attains equilibrium, from the relationship
d[R=G]
dt
= k,[R][G] - k_,[R=G]e - k2[R=G]e = 0
where [R=G]e is the aldimine product concentration
at equilibrium.
Results
The retinal microvessel preparations were judged to
be free of contamination with other retinal elements
when viewed by phase contrast and differential inter-
ference microscopy (Fig. 2). Protruding pericytes (mu-
ral cells) were identified readily by differential inter-
ference microscopy of the microvessels employed in
these studies (Fig. 2).
Selective salt precipitation was used to fractionate
the collagens of retinal microvessel basement mem-
branes. A visible precipitate was seen when the clarified
pepsin digest of the RVBM initially was made 0.7 M
in NaCl (Fig. 1). A single band, which was labeled
with D-[6-3H]-glucose and was sensitive to collagenase
digestion, was seen on electrophoresis (SDS-PAGE) of
this material in the presence of 5% 2-mercaptoethanol
(Fig. 3). Prior to reduction, this component penetrated
minimally into the separating gel. This band was pro-
visionally identified as the a chain of type III collagen
(a ,[111]). Precipitation of the residual material in the
supernate (Fig. 1) with 1.8 M NaCl, followed by sol-
ubilization in 0.1 M acetic acid, reprecipitation with
0.7 M NaCl, reduction and alkylation, yielding proteins
that migrated on SDS-PAGE as two closely spaced
bands and a lower molecular weight component (Fig.
3). All of these bands were labeled with D-[6-3H]-gIu-
cose and were sensitive to collagenase digestion (Fig.
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Fig. 3. SDS-poIyacrylamide gel electrophoresis in 5% 2-mercap-
toethanol of D-[6-3H]-glucose-labeled collagenous proteins of RVBM.
RVBM were incubated for 48 hr with 5 fimol/L D-[6-3H]-glucose
in 0.05 M Tris-HCl, pH 7.5, at 37°C. Collagen were isolated as
shown in Figure 1. The insert shows a photograph of a stained SDS-
PAGE slab of: (1) RVBM collagenous proteins precipitated with the
initial 0.7 M NaCl solvent (types I and III), reduced with 5% 2-
mercaptoethanol; (2) Collagenous proteins precipitated by the second
0.7 M NaCl solvent (type IV), after reduction and alkylation; (3)
and (4), samples of (1) and (2), respectively, after digestion with
collagenase. The left lane shows a rat tail tendon type I collagen
standard, with a^i) and «2(I) chains indicated by arrows. The main
figure plots the areas of the densitometry traces of the radiofluo-
rograms for lane 1 ( ) and lane 2 ( ) of the SDS-PAGE slab.
3). Scanning densitometry of the SDS-PAGE radio-
fluorogram showed that the relative radioactivities of
the three labeled components were 1:1.7:0.6 (Fig. 3).
The two closely spaced bands were provisionally iden-
tified as the a i and a2 chains of type IV collagen («i[IV],
«2[IV]). (Before reduction and alkylation, type IV col-
lagen a chains were not seen on SDS-PAGE.) The
radioactivity in the type IV collagen preparation was
2.45 times greater than that in the type III collagen
preparation as judged by a comparison of the radio-
fluorogram densitometry tracings (Fig. 3). The types
III and IV collagens of Figure 3 had been isolated from
the same D-[6-3H]-glucose-labeled RVBM preparation
and reconstituted in the same volume of SDS buffer
for SDS-PAGE. Increasing the NaCl content of the
supernate from the type IV collagen preparation to
1.2 M (Fig. 1) failed to produce a visible precipitate
or a component detectable by SDS-PAGE (type V col-
lagen).
Because L-glucose cannot participate in enzymatic
labeling of RVBM proteins, labeling with L-[1-14C]-
glucose was compared with the simultaneous labeling
of RVBM proteins with D-[6-3H]-glucose as further
evidence of nonenzymatic glycosylation. The time
course of simultaneous labeling with D- and L-glucose
of RVBM, extracted with detergent to remove any
glycosylating enzymes, is presented in Figure 4. The
molar ratio of labeling with L- and D-glucose of RVBM
proteins, normalized to the molar ratio of the initial
reactants, remained constant over the 12-day time
course of the labeling experiment (Fig. 4).
L-glucose also was used to label RVBM proteins in
intact retinal microvessels (Fig. 5) as a separate proof
of nonenzymatic glycosylation under more physiologic
conditions. Multiple bands, a majority of which were
labeled with radioactive L-glucose, were seen on SDS-
PAGE of RVBM isolated from these labeled micro-
vessel preparations. In the SDS-PAGE fluorogram of
labeled RVBM shown in Figure 5, bands 2 and 3 (26%
of total labeled RVBM proteins) corresponded in mo-
bility to the a i (IV) and c*2(IV) bands of isolated RVBM
type IV collagen, were specifically precipitated with
anti-type IV collagen antibody, and were sensitive to
digestion with collagenase.
The ratios of selected amino acids of glycosylated
types III and IV collagen preparations from RVBM
to those of purified human placental and rat tail col-
lagen are shown in Table 1.
RVBM prepared by the standard method from 300
retinas were used for the kinetic analysis. All kinetic




Fig. 4. Relative labeling of RVBM with D- and L-glucose. RVBM
(2.2 X 102 jtmol/L reactive sites) were incubated (in duplicate) with
chromatographically purified D-[6-3H]-glucose (0.26 ^mol/L, 37 Ci/
mmol) and L-[l-'^-glucose (7.8 fimol/L, 58 mCi/mmol) at 37°C.
Trichloroacetic acid-precipitable mean radioactivity ( • • , 3H;
O O, I4C; measured in duplicate) is plotted against time in the
main figure. In the insert, the mean ratio of the moles of D-glucose
(MDC) incorporated per mole of L-glucose (MLC) (normalized for
the initial 30:1 molar ratios of L-glucose:D-glucose) for the duplicate
experiments is plotted as a function of time.
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Table 1. Amino acid analysis of RVBM types III
and IV collagen fractions
2 4 6 8 10 12 14
Migration distance (cm)
Fig. 5. Identification of type IV collagen with specific antibody
after SDS-polyacrylamide gel electrophoresis of RVBM proteins la-
beled with L-[l-MC]-glucose. Isolated retinal microvessels were in-
cubated with 7.8 fimol/L L-[l-l4C]-gIucose in 0.05% NaN,-0.05 M
Tris-HCl, pH 7.5, at 37°C for 14 days and reduced with NaCNBHj.
RVBM were extracted and subjected to slab SDS-PAGE in 5%
2-mercaptoethanol. SDS-PAGE band proteins, transferred to a ni-
trocellulose membrane, were reacted with sheep anti-type IV collagen
antibody and identified with rabbit anti-sheep IgG antibody con-
jugated with horseradish peroxidase (A). The areas of the densitometry
traces of the radioactivity fluorogram bands (from the nitrocellulose
membrane after transfer from the SDS-PAGE slab) (B) are recorded
in the lower figure.
concentration of glucose reactive sites in the RVBM
preparation, determined at reactive site saturation as
shown in Figure 6, was 1.74 X 102 ̂ mol/L. An aliquot
of the RVBM was further extracted with 3% Triton
X-100 for 8 hr and again used to determine the con-
centration of glucose reactive sites. The data from these
two sets of experiments were in good agreement
(Fig. 6). This preparation was used undiluted and di-
luted 1:1.
The forward rate constant, k,, for the formation of
the aldimine linkage, determined as the initial reaction
rate of labeling with D-[2-3H]-glucose and D-[6-l4C]-
glucose in the presence of NaCNBH3 (Fig. 7), was 1.95
± 0.24 (SD) X 10"4 mM"1 h"1. The rate constant for
the formation of the more stable ketoamine product
of the Amadori rearrangement, k2, was determined by
incubating RVBM with both D-[6-14C]-glucose and
D-[2-3H]-glucose in the absence of NaCNBH3 (Fig. 8).
After 2-4 days the incorporation of 14C continued to
increase slowly, whereas the uptake of 3H reached a
peak by 7 days and then began to decline. The loss of
3H at the second carbon of the glucose adduct was
due to the Amadori rearrangement, while the l4C label
reflected the total glucose adduct. These two values
were used to calculate the percentage of total glucose
adduct that had undergone Amadori rearrangement.
By day 15, 34.5% of the newly formed glucose adduct
had been converted to the ketoamine linkage product.

















































Relative ratios of selected amino acids of RVBM collagen fractions to those
of rat tail tendon collagen (RT [type 1]) and human placental collagen (HP
[type IV]).
• Collagen samples isolated by salt fractionation (Fig. I) from glycosylated
RVBM were analyzed in parallel with Tat tail tendon and purified human
placental collagen using two elution programs.
product, k2, was calculated to be 8.8 ± 1.0 (SD) X 10"
3
h"1. The same values were obtained for kj and k2 when
RVBM glucose reactive site concentrations of 1.74
X 102 and 0.87 X 102 jumol/L were used. The half life
for the Amadori rearrangement was 80 ± 9 (SD) h.
The rate constant of the reversed reaction, k_l5 was
determined in the absence of NaCNBH3. The value
of [R=G] obtained at 7 days was taken as the equi-
librium value (Fig. 8). For the first 7 days, the formation
of the aldimine linkage product (3H labeling, [R=G])
followed pseudo-first-order kinetics ([G] $> [R]). A plot
of ln([R=G]7 days — [R=G]t) versus time (t) was linear
for the 2 hr to 7 day data of Figures 7 and 8. On this
basis, k_, was calculated to be 5.9 ± 1.0 (SD)
X 10"2 h"1.
Glucose Concentration
Fig. 6. Glucose reactive site concentration of RVBM. RVBM
prepared by the standard method (•), and RVBM further treated
by reextraction with 3% Triton X-100 for 8 hr (O), were incubated
with 50 to 400 mM D-glucose containing 38 Mmol/L D-[6-l4C]-
glucose and 0.26 /*mol/L D-[6-3H]-glucose for 2 days at 37°C, and
reduced with NaCNBH3. Glucose-labeled RVBM reactive site con-
centration is plotted against the total glucose concentration. Each
point is the mean of three determinations.
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Fig. 7. Incorporation of D-glucose into RVBM. RVBM (0.87
X 102 fimol/L or 1.74 X 102 Mmol/L glucose reactive sites) were
incubated with 20 mM D-glucose, 0.26 jtmol/L D-[2-3H]-glucose
and 38 Mmol/L D-[6-l4C]-glucose in 0.1 M Na phosphate buffer, pH
7.4, at 37°C in the presence ( ) or absence ( ) of 20 mM
NaCNBH3. Each point is the mean from three experiments.
As shown in Figure 9, aspirin inhibited the glyco-
sylation of RVBM proteins. The trichloracetic acid
precipitable radioactivity was progressively reduced by
the presence of increasing concentrations of aspirin.
Discussion
The present results show that retinal microvessel
basement membranes (RVBM) contain type IV col-
lagen. Type IV collagen was identified on the basis of
selective salt fractionation, the presence of two closely
spaced collagenase-sensitive bands after reduction and
alkylation on SDS-PAGE with electrophoretic migra-
tions slightly less than those of the a^I) and «2(I) chains
of type I collagen, a high hydroxyproline and hydroxy-
lysine content on amino acid analysis, and by im-
munoprecipitation with specific anti-type IV antise-
rum. Type HI collagen also was identified provisionally
in the RVBM on the basis of selective salt fractionation,
migration on SDS-PAGE before and after reduction
with 2-mercaptoethanol, and amino acid analysis. Type
III collagen is composed of three identical ai(III) chains
with interchain disulfide bonds within the helical por-
tion.17 A single collagenase-sensitive band was seen on
SDS-PAGE in 2-mercaptoethanol of the isolated
RVBM type III collagen fraction. Type III collagen
has been identified from larger vessels with smooth
muscle elements1819 and in cultures of retinal micro-
vessel pericytes (mural cells).20 The type III (provi-
sional) collagen in the present RVBM preparations
therefore may be either a component of some larger
diameter vessels included in these preparations (min-
imal large vessel contamination was seen microscop-
ically in our retinal microvessel preparations), one of
the collagenous components of the retinal microvessel
basement membranes, or an interstitial collagen con-
taminant.21
That RVBM collagen may be glycosylated nonen-
zymatically with radioactive glucose in vitro was es-
tablished by two approaches. In the first, purified
RVBM, which had been washed with Triton X-100
and sodium deoxycholate to remove glucosyltransfer-
ase,22 were glycosylated with D-[6-3H]-glucose, D-[2-
3H]-glucose or D-[6-14C]-glucose. Collagenase-sensitive
labeled types III and IV chains were isolated, after
limited pepsin digestion, by salt fractionation and SDS-
PAGE. Further prolonged treatment of RVBM with
Triton X-100 did not reduce the labeling with radio-
Days
Fig. 8. Rate of formation of glycosylated RVBM during prolonged
incubation of RVBM with glucose in the absence of NaCNBH3
(conditions as described in Fig. 7). RVBM (1.7 X 102 fimol/L glucose
reactive sites) were incubated with 20 mM D-glucose, 0.26 ^mol/L
D-[2-3H]-glucose (24.2 Ci/mmol) and 38 ^mol/L D-[6-'4C]-glucose
(50.2 mCi/mmol) in 0.1 M Na phosphate buffer, pH 7.4, at 37°C.
In the inset, 3H ( ) and I4C ( ) radioactivity (cpm) incor-
poration is plotted against time. Counting efficiencies, 3H 39%, 14C
60%. The percentage of the total glucose uptake (A3H + 3H) rep-
resented by the Amadori rearrangement ketoamine product (A3H)
is plotted against time in the major figure. A3H (3H expelled during
Amadori rearrangement) was obtained from the change in the ratio
of 3H and I4C in the reaction product. Each point is the mean from
three experiments.
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active D-glucose. In the second approach, intact retinal
microvessels or RVBM were labeled with metabolically
inert L-[l-l4C]-glucose. Labeled collagenase-sensitive
proteins were identified in purified preparations of
RVBM from retinal vessels reacted with L-glucose
alone. The labeling of detergent-extracted RVBM with
D- and L-glucose proceeded in parallel, and the extent
of labeling was dependent only on the initial molar
ratio of the D- and L-glucose reactants.
The nonenzymatic glycosylation of RVBM was a
slow, time dependent, and glucose concentration de-
pendent reaction. The experimental values for the rate
constants kj and k2 were not affected by varying the
concentration of RVBM glucose reactive sites. The
reliability of the calculations of the ki rate constant
was corroborated by utilizing two isotopes (3H and
14C). The values computed from data obtained with
either isotope were essentially the same. This strategy
also ruled out an isotope effect in this kinetic analysis.
Since the rate constants obtained in the present study
are independent of RVBM glucose reactive site con-
centration, these rate constants may be used to estimate
the extent of RVBM glycosylation in vivo. The Ama-
dori rearrangement was much slower than the aldimine
condensation reaction, indicating that the ketoamine
formation is the rate-determining step for the overall
reaction. High sustained or recurrent levels of glucose
therefore are necessary to produce substantial levels
of the ketoamine product of RVBM.
Elevated levels of glucose in diabetes mellitus may
lead to the formation of abnormal collagenous proteins
of basement membranes because of an increased non-
enzymatic glycosylation of free e-amino groups of lysyl
and hydroxylysyl residues, which, in turn, may interfere
with normal intermolecular or intramolecular cross-
link formation. Normal intermolecular collagen cross-
linkage occurs via aldimine bond formation between
the e-amino groups of lysyl or hydroxylysyl residues
and the aldehyde groups of allysyl or alhydroxylysyl
residues, formed by oxidative deamination of lysyl or
hydroxylysyl residues; intramolecular aldol cross-links
are formed by condensation of allysyl and hydroxy-
allysyl residues.23 Nonenzymatic glycosylation there-
fore may decrease the availability of both free €-amino
groups and aldehyde groups for cross-link formation.
Elevated glucose levels also may be toxic by causing
increased enzymatic or nonenzymatic glycosylation of
other proteins, the abnormal formation of glucos-
amine-proteoglycans, increased glycogen formation, or
increased polyol formation via the sorbitol path-
way.23"28 Elevated glucose levels also may interfere with
cellular ascorbic acid uptake.29'30
The present studies show that aspirin is able to in-
hibit the nonenzymatic glycosylation of retinal mi-
crovessel basement membranes. Aspirin has been
Days
Fig. 9. The effect of aspirin on the incorporation of D-glucose
into RVBM. RVBM were incubated with 20 mM D-glucose and 38
/anol/L D-[6-14C]-glucose with 0.0,0.1,0.5, or 2.0 mM aspirin. Each
point is the mean of three determinations of the trichloroacetic acid-
precipitable radioactivity, plotted against reaction time.
shown to acetylate the e-amino groups of human serum
albumin.31 These observations may be taken as evi-
dence that glucose condenses with e-amino groups of
lysyl residues of RVBM proteins and suggest a new
role for aspirin in the therapy of diabetes mellitus.
Key words: bovine retinal microvessels, basement mem-
branes, type IV collagen, nonenzymatic glycosylation, rate
constants, half life
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